Iron regulates synthesis of the iron storage protein ferritin at the translational level through interaction between a stem-loop structure, the iron-responsive element (IRE), located in the 5-untranslated region (5-UTR) of ferritin mRNAs, and a protein, the iron regulatory protein (IRP). The role of IRE secondary structure in translational regulation of ferritin synthesis was explored by introducing ferritin constructs containing mutations in the IRE into Rat-2 fibroblasts.
INTRODUCTION
Ferritin is an iron storage protein which protects cells from the toxic effects of iron by sequestering the mineral within its hollow shell (1) (2) (3) (4) (5) (6) . In vertebrates the ferritin shell usually consists of 24 protein subunits of two types, H (M r 21 kDa) and L (M r [19] [20] . Synthesis of ferritin is regulated in response to the level of intracellular iron at both the transcriptional and translational levels (7) . At low iron levels translation of both subunit mRNAs is inhibited and the mRNAs are present in the translationally inactive ribonucleoprotein (RNP) form. When the intracellular level of iron is raised these dormant mRNAs are activated and become associated with polysomes (8) (9) (10) .
The mechanism for translational regulation of ferritin synthesis involves the 5'-untranslated region (5'-UTR) of ferritin mRNAs, where a sequence of 28 nt is almost perfectly preserved in H-and L-ferritin mRNAs from various animal species (1, 3, 5, 6) . This sequence, which has been named the iron-responsive element (IRE), is essential for regulation of ferritin mRNA translation by iron (11) (12) (13) . A specific cytoplasmic protein, iron regulatory protein (IRP; formerly called IRE binding protein, IRE-BP, iron regulatory factor, IRF, ferritin repressor protein, FRP, or P-90) binds to the IRE (14, 15) and represses translation of ferritin mRNA (16) . The repression is achieved by blocking an early step in initiation of mRNA translation, apparently through regulation of the binding of the 43S pre-initiation complex to the mRNA (17) (18) (19) (20) (21) .
IREs have been found in the mRNAs of proteins involved in other aspects of iron metabolism or other cellular functions. In addition to ferritins, similar structures have been observed in transferrin receptor (TfR) mRNA (22, 23) , in erythroid aminolevulinate synthase (eALAS) mRNA (24, 25) and in mitochondrial aconitase mRNA (25) . In contrast to the single IRE located in the 5'-UTR of ferritin and eALAS mRNAs, TfR mRNA has five IRE sequences within its 3'-UTR, which function in the iron-dependent regulation of TfR mRNA stability (22, 23) . Overall, the IRE sequence appears to coordinate synthesis of proteins involved in the uptake, storage and, in erythroid cells, utilization of iron.
Several studies have used a structural or a functional approach to understand the function of the IRE. The IRE forms a stem-loop structure which was originally proposed based on computer predictions of RNA structure (11, 12, 26, 29) and then confirmed by nuclease mapping experiments (27) (28) (29) and NMR spectroscopy (30) . The naturally occurring IRE stem-loop structure consists of a long stem interrupted at several sites by bulged regions and a six membered loop of CAGUGX, in which X can be A but is usually U or C (26) . Recent evidence suggests a base pairing between the first and fifth nucleotides of the loop, thereby raising the possibility that the loop may be 3 nt in size with a bulged nucleotide on the 3'-side of this smaller loop (30, 33) . However, based on accessibility to single-strand-specific nucleases it appears that the loop is 6 nt in size at least part of the time (29) . The requirement for the secondary structure has been tested in experiments with mutant IREs, which were analyzed either for their binding to the IRP in vitro or for their ability to regulate translation in vivo. Substitution of nucleotides in the loop (15, 28, (31) (32) (33) , disruption of base pairing in the upper part of the stem (29, 34) and replacement of the bulged C (31-33) decreased the binding affinity of the IRP for the mutant IREs in almost all cases. Mutant IREs with nucleotides deleted either from the loop or the upper stem failed to regulate translation in response to iron in vitro or in vivo (15, 18, 19, 26) . While these studies examined the binding affinities and/or the in vivo function of various IREs, none of these mutants have been analyzed simultaneously for their RNA secondary structure, binding affinity to the IRP and functionality in vivo.
In order to identify functional elements of the stem-loop structure of the IRE, mutants with changes in both secondary structure and primary sequence were designed ( Fig. 1 ) and tested for function as regulators of translation in response to iron. These mutant IREs were inserted into a ferritin reporter gene and tested for their ability to regulate iron-dependent translation of the reporter gene in rat fibroblasts. This approach enabled us to determine the relationship between formation of base pairs in the upper stem, the length of the stem, the size and the sequence of the loop and the ability of the IRE to function in vivo. Since our previous work determined the secondary structure of these variants by RNase mapping, as well the effect of these mutations on the binding affinity of IRP using quantitative band-shift assays (29), we can now relate these data to function in vivo. Taken together our results indicate that only small perturbations in the affinity of interaction of IRP with the IRE result in a loss of iron-dependent translation of ferritin mRNA.
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MATERIALS AND METHODS
Plasmid constructs
As a reporter gene we used a rat L-ferritin (35, 36) cDNA from which the 24 nt encoding the octapeptide sequence in the protein were deleted. The deletion was performed using the Muta-gene M13 in vitro mutagenesis system (BioRad). Briefly, a 244 bp Ncol-Stul fragment was excised from the rat L-ferritin full-length cDNA clone pl6Bgl (37) and subcloned into M13mpl8, which allows synthesis of single-stranded DNA. A 60mer oligonucleotide, spanning 30 nt on each side of the octapeptide sequence, was used as nvutageriic primer and annealed to the ml3 DNA. For further steps we followed the manufacturer's protocol. Finally, the Ncol-Stul fragment carrying the deletion was resubcloned into pl6Bgl. The L-ferritin sequence deprived of the octapeptide region was designated shortened ferritin ( Fig. 2 ). When this shortened ferritin was expressed in rat fibroblasts it migrated below the endogenous L-ferritin protein on SDS-PAGE gels, thereby allowing us to examine the effects of iron on synthesis of both the transfected and the endogenous ferritin proteins simultaneously. The variant IREs have been described previously (29) . Shortened ferritin cDNAs containing a mutated IRE were generated by replacing the IRE from the natural 5'-UTR region with the mutated IRE as Aval-Aval fragments. The construction of these mutated IREs provides six variations of the original IRE ( Fig. 1 ). In addition, a cDN A lacking the IRE (del IRE), was made by excising the IRE sequence between the two Aval restriction sites (nt 24-68 removed). The various shortened ferritin constructs were subcloned into the eukaryotic expression vector p636 (kindly provided by B. Sugden and T. Middleton, McCardle Laboratories, University of Wisconsin). In this vector transcription was directed from the cytomegalovirus (CMV) promoter and the cloning site was located next to the transcription start, so that the IRE was located proximal to the 5'-end of the recombinant message. The vector sequences also included a SV40 polyadenylation signal and a splicing site. The correct sequences of the mutant IREs and the octapeptide deletion were confirmed by sequencing the final constructs (Sequenase 2.0 sequencing kit; US Biochemicals).
Cell culture
Rat-2 fibroblasts (39) were grown in DMEM (1 g/1 glucose, 110 mg/1 sodium pyruvate; Gibco-BRL) supplemented with 10% fetal bovine serum (Gibco-BRL) and 50 ng/ml gentamicin (Gibco-BRL). Cells were incubated at 37°C in air supplemented with 5% CO2. Cells in their log phase were used for experiments.
Transfection
Rat-2 fibroblast cells were transiently transfected using a modified calcium phosphate procedure (39, 40) . DNA-calcium precipitates prepared from 10 (Ag DNA in 250 fil calcium phosphate solution were added directly to a dish containing 10 6 cells in 5 ml medium.
Ferritin synthesis
Thirty hours after transfection cells were treated with 100 \xM heme or 100 ^M desferal for 5 h. Then 200 u.Ci [
35 S]methionine (Dupont NEN) was added to cells in 1 ml methionine-free and serum-free medium for 1 h. Cells were washed with phosphatebuffered saline solution plus 1 mM methionine and lysed in buffer A (1% Triton X-100, 0.5% NP-40, 0.15 M NaCl, 10 mM Tris-HCl pH 7.2, 5 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride) (38, 41) . Lysates containing equal amounts of TCAprecipitable counts (usually 5 x 10 6 c.p.m.) were used to immunoprecipitate ferritins. The ferritins were then separated on a 15-20% SDS-polyacrylamide linear gradient gel by electrophoresis (SDS-PAGE) and the dried gel autoradiographed. The relative rate of synthesis was quantified by cutting out the protein bands from the dried gel and determining the c.p.m. emitted from the gel slices by scintilation counting (41) .
RESULTS
Translational regulation of the L-ferritin subunit in Rat-2 fibroblast cells
Rat-2 fibroblast cells were selected to study iron-dependent synthesis of ferritins (41) . Although ferritins are regulated at both the transcriptional and the translational level, recombinant ferritin constructs were primarily restricted to iron-dependent regulation of translation. This was achieved by ligating the CMV promoter to the 5'-UTR, the shortened protein coding region and the 3'-UTR of rat L-ferritin. The CMV promoter was used in the construct to ensure an iron-independent rate of transcription for the recombinant gene. The shortened ferritin served as reporter protein (Fig. 2) . It was derived from the rat L-ferritin cDNA (35, 36) by deleting 24 nt within the coding region, corresponding to an octapeptide sequence found only in rat (42) and mouse (43) ferritins, but not in other species examined so far. The shortened ferritin protein being of lower molecular weight than the endogenous rat L-and H-ferritins can thus be separated by SDS-PAGE. Another advantage of using the shortened ferritin sequences in place of a foreign reporter gene is that the 5'-UTR and the sequences for initiation of protein synthesis are identical to those of the native ferritin mRNA and in consequence the message would be expected to be regulated and translated as efficiently as the native mRNA.
Iron-independent transcription based on the CMV promoter was confirmed by transfecting Rat-2 fibroblast cells with a shortened ferritin construct lacking the IRE (del IRE construct). The transfectants were analyzed for production of the shortened ferritin in cells treated with heme as the iron source (Fig, 3, lane +) or with desferal, an intracellular iron chelator (38) (Figure 3, lane -) . The shortened ferritin protein (S) is identified in the gel as an additional band migrating ahead of the endogenous ferritins (F). Synthesis of shortened ferritin by the del IRE construct remained the same in the presence of both desferal or heme, indicating that the activity of the CMV promoter is iron-independent.
Iron-dependent translation of ferritins in these cells was assessed with the shortened ferritin construct with a complete ferritin 5'-UTR sequence (wild-type IRE construct). Translation of the shortened ferritin mRNA from the wild-type IRE construct was influenced by the iron status of the cell (Fig. 3) ; the amount of shortened ferritin protein synthesized in desferal-treated cells was only 13% of that synthesized in heme-treated cells. In comparison, the synthesis of endogenous L-and H-ferritins in desferal-treated cells decreased to 2% of the amount in hemetreated cells (Fig. 3) . The larger reduction observed for endogenous ferritins comprises regulation at the translational, transcriptional or possibly other levels, whereas the reduction for the shortened ferritin accounts for regulation at the translational level. Figure 4 . Synthesis of shortened ferritin from constructs with substituted nucleotides in the stem of the IRE. Rat-2 fibroblast cells were transiently transfected with a shortened ferritin construct carrying mutated nucleotides on the 3'-or 5'-strand of the stem and finally with restored stem structure of the IRE. The cells were treated with 100 nM heme (+) or 100 nM desferal (-) and synthesis of shortened ferritin (S) from the constructs and of endogenous ferritin proteins (F) was assayed as described in Figure 3 .
Effects of base pairing capacity of the upper stem on IRE function
We investigated the relationship between the secondary structure of the IRE and its ability to regulate translation using a series of altered IRE sequences (Fig. 1) . The first series of mutants focused on the stem of the stem-loop structure. In the 3'-and 5'-stem IRE mutants the upper stem region was disrupted by changing 4 nt on the 3'-or 5'-side of the stem in such a way that the stem could no longer form. However, since the 5'-and 3'-stem mutants were complementary to each other, combination of the new 3'-and 5'-stem nucleotides led to a mutant with a restored stem structure. Although the primary sequence is different from the wild-type IRE sequence, the restored stem IRE mutant was designed to give a similar free energy of stem formation to that of the wild-type and formation of the stem was confirmed by RNase mapping (29) . These mutant IRE constructs were transfected into Rat-2 fibroblast cells and analyzed for accumulation of shortened ferritin in response to high or low iron concentrations. In the case of the 3'-and 5'-stem mutant IRE constructs synthesis of the shortened ferritin was independent of the iron status of the cell (Fig. 4) . Thus IRE mutants with a disrupted stem structure fail to function as iron-responsive elements. In contrast, the mutant IRE with the restored stem, but different primary sequence from the wild-type IRE, exhibited restoration of iron-dependent synthesis of the shortened ferritin protein.
Stem length, as well as the size and the sequence of the loop, affect IRE function
The second series of mutants assessed the requirement for a specific length of the upper stem or size of the loop on the function of IRE as mediator of translational control in vivo. A mutant in which stem length was increased by adding a single G-C pair to the top of the stem exhibited a high rate of translation which was independent of cellular iron levels (Fig. 5) . The size of the loop was increased by introducing two additional non-pairing nucleotides, A and C, to the base of the loop. This larger loop IRE mutant Figure 5 . Synthesis of shortened ferritin from constructs with long stem IRE, large loop IRE and a reversed nucleotide sequence in the loop (see Fig. 3 for legend).
also showed a loss of responsiveness to changes in cellular iron levels (Fig. 5) . Not only the size of the loop, but also the position of particular nucleotides within the loop, are important for IRE function. This was tested in the reversed loop IRE mutant in which the size of the loop was unchanged, but the nucleotide sequence within the loop was reversed (from 5'-CAGUGU-3' to 5'-UGUGAC-3'; Fig. 1 ). The reverse loop mutant was unable to regulate translation in response to iron (Fig. 5) .
Classification of IRE mutants according to functionality
Each of the mutant IRE constructs was tested for regulation of translation in at least three independent transfections. The amount of radioactively labeled shortened ferritin synthesized was expressed as the ratio between the desferal-and heme-treated samples. Since expression of shortened ferritin by the construct lacking the IRE (del IRE) is iron-independent, this was used to represent a non-responsive construct and was assigned a value of 100% (Fig. 6, lane 1) . The synthesis of shortened ferritin by the wild-type IRE construct was reduced in desferal-treated cells to 13% (Fig. 6, lane 2) . Translation directed by the restored stem IRE mutant (Fig. 6 , lane 5) was reduced in desferal-treated cells to 19%, similar to that of the wild-type IRE. All the other mutants failed to show iron-responsive translation, synthesis of shortened ferritin in desferal-treated cells ranging from to 90 and 115% of the del IRE construct.
Wild-type IRE and restored stem IRE are functionally similar
To acquire more detailed information concerning the functionality of the restored stem mutant we tested the effect of varying concentrations of iron on constructs containing the wild-type or restored stem IREs. Synthesis of the shortened ferritin in cells transfected with the wild-type IRE (Fig. 7A ) and restored stem IRE constructs (Fig. 7B ) is gradually reduced with decreasing concentrations of heme and increasing concentrations of desferal. Figure 8 compares synthesis of shortened ferritin protein from the two constructs. The data for the wild-type IRE construct are an average of two independent transfection sets; the data for the restored stem IRE derive from one experiment. The response of the restored stem IRE mutant to variations in iron concentration is similar to that of the wild-type IRE. (1) is iron-independent and has been set as 100%. Translation of the wild-type IRE construct (2) is iron-dependent; in desferal-treated cells only 13% of shortened ferritin was synthesized. Translational repression has been calculated for all mutant IRE constructs: 3'-stem mutant (3), 5'-stem mutant (4), restored stem mutant (5), large loop mutant (6), long stem mutant (7) and reversed loop mutant (8) . The data reflect the average of at least three experiments. 
DISCUSSION
The iron-dependent synthesis of ferritin is regulated at two levels, translation and transcription (7) . We were able to analyze regulation at the translational level through the use of a recombinant ferritin construct in which the complete 5'-UTR, the shortened protein coding region and the 3'-UTR of rat L-ferritin were placed under the transcriptional control of a heterologous promoter. The synthesis of the shortened ferritin L-subunit was compared in Rat-2 fibroblast cells exposed to heme (high intracellular iron concentration) or desferal (low intracellular iron levels). Using the shortened ferritin construct translation was repressed 90% in desferal-treated cells (Fig. 3) . In the same cells synthesis of the endogenous ferritins was monitored and shown to decrease 98% in desferal-treated cells. This higher range of repression in synthesis of endogenous ferritin presumably represents additional regulation of ferritin by iron at levels other than translation, possibly a 5-fold regulation at the transcriptional level. Indeed, a 3-fold increase in transcription of the L-ferritin gene in rat liver cells (7) and a 4-fold increase in HeLa cells (44) has been reported. Taken together our results demonstrate iron-dependent regulation of ferritin mRNA translation in Rat-2 fibroblast cells and show that the largest contributor to this response is alterations in mRNA translation rates. Iron-dependent regulation of translation is conferred by the stem-loop structure of the IRE. We explored this relationship with respect to the structural requirement for the stem-loop structure using mutants with altered secondary structure (Fig. 1) . Attention has been paid to the correct folding of those mutants and their secondary structure was confirmed previously by RNase mapping (29) , except for the reverse loop IRE mutant, which was analyzed for secondary structure by Zucker's sub-optimal folding program (A. J. E. Bettany, personal communication). The importance of the formation of the stem was assessed by using two mutant IREs in which the stem structure was disrupted and a third mutant in which the stem was reformed. Both of the IRE mutants with disrupted stems failed to respond to low cellular iron levels, whereas the restored stem IRE mutant repressed translation in cells deprived of iron to levels similar to that of the wild-type IRE (Fig. 4) . The response of the restored stem IRE mutant was studied in more detail. We performed a detailed analysis of how the constructs containing the restored stem IRE or wild-type IRE responded to variations in iron concentration. Both IREs responded in an identical manner over a broad range of iron concentrations (Fig. 8) . Since the two constructs contain IREs of similar secondary structure and similar free energy of stem formation, but dissimilar primary sequence, we conclude that the presence of a base paired stem is both necessary and sufficient to satisfy the requirements for a functional IRE. This observation is supported by the IREs found in transferrin receptor and eALAS mRNAs, where the nucleotide sequences vary, but the ability to form base pairs may be preserved (23) (24) (25) . On the other hand, IREs found in various ferritin mRNAs show a striking conservation of the nucleotides in the stem, which cannot be explained so far. From our data we have to conclude that iron-dependent repression of translation does not require the conservation of the stem nucleotides.
We also observed that increasing the length of the stem eliminated iron-dependent regulation. The length of the stem is an important structural element in providing the IRE stem-loop structure with a correct distance and spatial orientation between the loop and the bulge. Since the IRP interacts not only with the loop nucleotides, but also with the nucleotides of the stem even beyond the bulge (14, 28, 45) , it seems reasonable to suggest that the loop-stem-bulge structure is essential for interaction with the binding protein. In vitro binding studies suggest that the presence, as well the sequence, of the bulge is important, since deletion or substitution of the cytosine affects recognition of the IRE by IRP (31, 32) . Our results support the hypothesis that the tertiary structure of the stem-bulge region of the IRE is a critical determinant of in vivo function.
Our data, as well that of others, support the concept that a defined size and sequence of the IRE loop is necessary for function in vitro and in vivo. Our current results demonstrate that the loop has to be 6 nt long, as enlarging the size of the loop from 6 to 8 nt eliminated the translational response to iron in vivo. Similarly, a variant with a deletion of 1 nt in the loop also lost the ability to regulate translation (26) . Our observation that a reversal of the loop sequence abolished IRE function is supported by in vitro data showing that specific changes in the loop sequence affect IRE secondary structure or the IRP-IRE interaction (28, (30) (31) (32) (33) 45 ).
Mutant IREs were tested for their ability to regulate translation in response to iron and compared for their binding affinities to IRP. Only the wild-type IRE and the restored stem IRE constructs were able to regulate translation in vivo in response to varying concentrations of iron, whereas all the other mutants tested were non-responsive to the iron status of the cell. The same series of mutants were previously analyzed for their ability to bind IRP in vitro using a quantitative band-shift assay (29) . When the relative affinity of the wild-type IRE was assigned a value of 1, the restored stem mutant bound with an affinity of 0.7. Their similar binding affinities in vitro correspond with their functional similarity in vivo. In vitro the long stem mutant IRE bound the IRP 10% as well as the wild-type IRE, the large loop mutant IRE 5% and the disrupted stem mutants <1%. Interestingly, none of these IRE mutants were able to function in vivo. Comparing in vitro results from our band-shift experiments and translational repression data in vivo we conclude that any mutation which decreases the affinity of the IRE for IRP by -90% in vitro is unlikely to function in vivo.
We have demonstrated that in order to have a functional IRE a defined stem-loop structure is required. The loop nucleotides may be involved in specific binding of the IRE with IRP and the stem-bulge structure crucial in directing the loop nucleotides into the correct position. This interaction is highly specific, since only a narrow range of binding affinities as determined in vitro may lead to physiologically relevant effects on mRNA translation.
